The basic operational requirements and present technology for high stability hydrogen maser (H-maser) oscillators are described. Design features of a high stability maser oscillator for use in space, maser operation at 0.5 K and present uses of high stability H-masers are discussed.
Introduction
The atomic hydrogen maser (H-maser) oscillator currently provides the highest available level of frequency stability. This paper outlines developments in technology to optimize maser frequency stability to enable operation in space and to perform tests of fundamental physics. A far more complete and thorough description of the theoretical and practical aspects of H-masers is available in [1] . A more recent article called 'The maser at 50' by R L Walsworth [2] celebrates the 1954 development of the first maser, an ammonia maser, by Gordon et al [3] .
The atomic hydrogen maser
The atomic H-maser is an active oscillator powered by microwave energy resulting from quantum transitions between an upper hyperfine energy level of atomic hydrogen and a lower level. Figure 1 shows a schematic diagram of the H-maser and the energy level diagram of atomic hydrogen when exposed to a magnetic field. The upper levels are designated F = 1, m F = 1, 0 and −1 and the lower level by F = 0, m F = 0.
A beam of hydrogen atoms is passed through a multipole magnet, and atoms in the F = 1, m F = 1, 0 states are focused into a specially coated storage bulb through an aperture from which they emerge about 1 s later. The storage bulb's interior is coated with a surface that has minimal interaction with the impacting H-atoms. The bulb is located in a cavity resonator tuned to the 1420 GHz frequency associated with the F = 1, m F = 0 to F = 0, m F = 0 transition and situated so as to occupy a region where the microwave magnetic field has constant phase. The bulb is located at a low level of uniform magnetic field. During their time rattling around in the bulb at room temperature thermal velocities, the atoms in the F = 1, m F = 0 state coherently release their energy to the cavity resonator by making a transition to the F = 0, m F = 0 state. First-order Doppler broadening is minimal. A portion of the power released by the continuously replenished atoms is coupled from the resonator. The typical output is at a level of about 10 −12 W and is led to a low noise pre-amplifier and then on to a receiver-frequency-synthesizer system.
Features of the hydrogen maser

Frequency stability of the hydrogen maser
During the time the state-selected atoms spend in the storage bulb, they are involved in two general types of interactions. These are interactions related to the quantity or density of the atoms involved and interactions related to their phase coherence.
The single most important aspect of the storage bulb technique is the ability to store an aggregate of atoms with average velocity very close to zero in the standing wave of a cavity so that they can interact for an extended period of time, τ , with the in-phase components of the RF magnetic field in the cavity. The narrow resonance line width, ν, results from the Heisenberg uncertainty principle, ν τ ∼ 1.
In the oscillating maser, the narrow resonance line width is electrically equivalent to an oscillator having a very high Q. The fundamental limit of the fractional frequency stability of an oscillator as a function of the averaging time interval, τ , is given by
This Q, designated by Q line in equation (1) , is proportional to the storage time, τ . The net effective time, equal to the reciprocal of the total relaxation rate, γ 2T , results from a series of relaxation processes that occur in the storage bulb. Q line = ω/2γ 2T : here the angular frequency is ω = 2πf . The term γ 2T is the reciprocal of the net effective storage time.
Equation (2) includes the fundamental white frequency noise limit shown in equation (1) from the receiver [4] . It expresses the operational limit on the frequency stability.
Here σ y (τ ) is the fractional frequency deviation averaged over the time interval (τ ), kT is the thermal noise power per unit bandwidth, F is the receiver noise figure, B is the receiver bandwidth, P is the power delivered by the atoms to the cavity, Q c,l is the loaded cavity Q and Q e = Q unloaded /β. Here Q unloaded = (1 + β)Q c,l and β is the cavity coupling factor. behaviour for averaging intervals between 0.1 s and 10 s from added thermal white phase noise and τ −1/2 behaviour between 10 s and 10 4 s from intrinsic white frequency noise. Averaging intervals beyond 10 4 s show the effects of systematic processes that cause frequency shifts.
Factors that affect oscillator line Q
The structure of Q line = ω/2γ 2T includes a number of effects that limit frequency stability. The term γ 2T denotes the total atomic relaxation and decorrelation rate. γ 2T = γ bulb escape rate + γ wall collisions + γ H-H collisions + γ magnetic .
For optimum stability we wish to make γ 2T as small as possible and keep the output signal power as large as possible.
Interactions that affect accuracy and stability
Two types of interactions are involved:
• processes of atomic relaxation that affect the population of atoms in the F = 1, m F = 0 state; these are designated with the subscript 1; • processes involving decay of atomic phase coherence that affect frequency stability, designated by the subscript 2.
Effects of bulb or storage volume geometry, γ bulb escape rate
The structure of the storage volume and its collimator determines the storage time and wall collision rate. A spherical bulb provides the lowest surface to volume ratio and thus minimizes the wall collision rate. Atoms enter the bulb through a tubular collimator from which they emerge after random motion in the bulb. The bulb escape rate is determined by the geometry of the collimator. 1 Allan standard deviation of relative frequency stability of SAO masers VLG-11 P-18 and P-19 measured at the Naval Observatory on 26-31 October 1983.
Effects of wall collisions, γ wall collisions
The nature and surface texture of the wall surfaces can affect the rate of atomic recombination, γ 1w . Collisions with the wall also affect the phase coherence, γ 2w . During their many wall collisions the atoms are momentarily deformed and their atomic hyperfine structure is altered. This process causes a systematic wall shift, ν w , in their collective oscillation frequency.
Effects of interatomic collisions, γ H-H collisions
During collisions with each other, the atoms can undergo spinexchange collisions, thus causing a relaxation rate, γ se1 = nv r σ . Here n is the number density, v r , is the average relative velocity and σ is the collision cross-section. The atoms also lose phase coherence, γ se2 = 1 2 nv r σ . This causes line broadening and thus a reduction in Q line proportional to atomic density and hence to beam flux. As will be discussed later, this line broadening can be used to tune the cavity resonator. It is also accompanied by a frequency shift that is largely cancelled during this cavity tuning process. It is worth noting that nonparticipating atoms in the F = 1, m F = +1 state are involved in these collision processes. Removal of the F = 1, m F = +1 state atoms can be done using the adiabatic fast passage (AFP) technique in the state selecting system. By reducing the interatomic collision rate and loss of phase coherence among the oscillating F = 1, m F = 0 state atoms, a substantially higher line Q can be obtained. The AFP technique will be described in a later section.
Effects of inhomogeneous magnetic fields, γ magnetic
The transition energy dependence on magnetic field is shown in figure 1 . The magnetic field should be as uniform as possible within the storage volume and parallel to the axis of the cavity. If the atoms in the storage volume encounter changes in magnetic field strength or direction as they rattle about in the bulb, they can experience signals with Fourier possibilities for maser design. This design evolved from the maser used in the 1976 NASA/SAO Gravity Probe-A test of general relativity [17] .
Other systematic effects causing frequency shifts
Effect of the magnetic field
The quadratic magnetic field dependence of the energy between the F = 1, m F = 0 and F = 0, m F = 0 states causes a systemic frequency shift, ν mag = 2752B 2 z (B in gauss). Variations in the field owing to unstable solenoid current or from leakage due to changes in external magnetic fields will cause frequency shifts. At an internal field setting of about 1 mG, to keep a fractional frequency shift f/f < 1 × 10
with an external variation of ±0.5 G, a shielding factor S = B ext / B internal ∼ 2 × 10 6 is required. In practice, multi-layer shields are used. Four layers are shown in figure 3 . The innermost shield closely encloses a solenoid to apply a uniform axial field in the storage bulb. A uniform field is obtained by additional windings at each end of the solenoid to compensate for its finite length. Changes in external magnetic fields of ±0.6 G, such as observed in low Earth orbiting satellites, can be coped with by direct compensation with a solenoid between the outermost shields. The field is sensed with a magnetometer that controls the current in a magnetic compensation coil. This system provides a shielding factor, S > 2 × 10 6 .
Effect of cavity resonator mistuning
A difference between the cavity resonance frequency and the transition frequency of the stored atoms (including the effects of second-order Doppler, wall collisions and interatomic collisions) will cause a 'pulling' of the output frequency proportional to the ratio of the loaded cavity, Q c,l , to Q line ,
The extent of the pulling depends on the magnitude of Q line and thus is directly affected by variations in the interatomic collision rate owing to changes in beam flux. It is therefore important to adjust the cavity frequency so that such variations are minimal. Cavity tuning is normally done by plotting f out versus f cavity at different levels of beam flux. The cavity frequency at which the plots intersect is said to be the 'spin exchange tuned' frequency. Because the collision frequency shift is also proportional to the changes in line Q (see γ H-H collisions above), these shifts from changes in beam flux are nearly completely removed.
Effects of temperature variations
At normal working temperatures in the neighbourhood of 50 ˚C ± 30 ˚C, effects of temperature changes on interatomic collisions are negligible, as are changes in second-order Doppler shifts. However, the structure and mechanical stability of the resonator have a direct effect on the output frequency of the maser.
The cavity resonator presents a serious problem in thermal control as its resonance frequency must be maintained within very narrow limits. For example, to prevent frequency shifts of 1 part in 10 15 in a maser operating with a line Q of 4 × 10 9 and a loaded cavity Q of 4.5 × 10 4 , the cavity frequency must be held to within 0.13 Hz. Typical TE 011 resonators at 1.4 GHz are about 26 cm in diameter and 29 cm in length and have an axial tuning rate of 10 7 Hz cm −1 . The cavity length must be kept constant to about 10 −8 cm, comparable with the diameter of a hydrogen atom! Dimensional stability is crucial to frequency stability. Also, the storage bulb in the resonator causes substantial dielectric loading, and temperature-induced changes in dielectric constant can alter the cavity resonance frequency.
Technology for obtaining high frequency stability
As shown in figure 2, H-masers can provide a fractional frequency stability better than 1 part in 10 15 for time spans of several hours. These masers are equipped with cavity resonators having the least possible frequency variation. At intervals longer than several hours, the stability of these masers levels off and systematic frequency shifts occur chiefly from cavity frequency drift owing to dimensional changes inherent to the nature of their material. For masers used in long term time-keeping applications these shifts are offset by systematic cavity tuning systems.
Cavity resonator design and thermal control
The cavity supporting structure shown in figure 3 is basically the same as used in the masers that produced the data in figure 2 .
For maser oscillation the cavity resonator should have a loaded Q factor of the order of 45 000. The coupling factor, β, is usually about 0.3 and so the unloaded Q, Q 0 = (1 + β)Q c,l , is generally around 60 000.
To minimize cavity 'pulling', materials with mechanical integrity and low thermal expansion coefficients are required. The most dimensionally stable materials available are the glass-ceramic materials that have been used for telescope mirrors such as Cer-Vit (Owens Illinois) and Zerodur (Schott AG) 3 . However, even cavities made of these highly stable materials initially show very slow fractional cavity length changes, l/ t, of −3 × 10 8 per day that cause long term frequency changes of a few parts in 10 15 per day [5] . The insides of cylinders and end plates made of these materials are coated with fused silver. These resonators are equipped with storage bulbs with a wall thickness of about 1 mm. Since the axial tuning rate is about 10 6 Hz mm −1 and dimensional stability at a level of 10 −9 cm is required, the joints between the end plates and cylinder are optically polished to minimize mechanical settling.
Thermal expansion and contraction of the mounting structure can force mechanical deformation of the cavity. Mounting structures that apply a constant axial force and minimal radial force on the cavity structure are made by clamping the resonator using a constant force Belleville spring adjusted so that axial force changes are minimized over a range of axial movement. The radial force from thermal movement of the support is relieved by a circular array of six silicon bronze rollers between the lower cavity cover and the base of the structure. Thermal conduction between the resonator and the mounting structure is kept small because of the line contact of the rollers at the base and the Belleville spring at the top. These cavity resonators have a temperature sensitivity of a few hundred hertz per degree Celsius largely due to the change in the dielectric constant of the quartz bulb. To maintain a frequency stability beyond 1 part in 10 15 the cavity temperature variation must be kept within a few tenths of a millidegree Celsius.
Changes in external barometric pressure also cause mechanical deformation of the vacuum tank housing the cavity mounting structure, shown in figure 3 as the 'cavity compression can'. This structure is isolated from such deformations by securing it over a small area at the base plate of the 'vacuum tank'. In figure 3 this flange has an opening that connects to the lower vacuum system through a structural neck that is secured to the 'mid plane mounting plate'.
Temperature control and magnetic isolation of the oscillator
The temperature of the upper structure of the maser shown in figure 3 is controlled in eight separate zones. The space between shields is vented to the vacuum of space and filled with multi-layer aluminized foil for thermal isolation. Three zones of temperature control the vacuum tank and three zones control a surrounding oven. The forward and aft tank support necks each have one zone of thermal control. The 'midplane mounting plate' is also thermally controlled. The forward tank support neck is electrically insulated from the 'outer support can' to allow degaussing of the magnetic shields and to prevent thermoelectric currents from temperature differences across dissimilar metals at different temperatures. This precaution is observed in all regions within the magnetic shields and in the coaxial lines connecting to the cavity coupling loop and diode tuning loop in the cavity.
The lower structure of figure 3 contains the 'atomic hydrogen dissociator', the 'hexapole state selection magnet', two 'sorption vacuum pump' cartridges 4 for scavenging hydrogen and two small 'ion pumps' 5 (only one is shown) for removing gases other than hydrogen. Hydrogen gas is supplied by a small heated container of LiAlH 4 and the hydrogen flow is controlled by adjusting the temperature of a palladium-silver diaphragm.
Improvements to frequency stability
6.1. The AFP method of atomic state selection [6] When atoms in both the F = 1, m F = +1 and m F = 0 states enter the storage bulb, only the 0 state atoms produce a signal. If we eliminate the m F = +1 atoms we can reduce the interatomic collision rate by a factor of 2 and substantially improve Q line . Figure 4 shows the state selecting AFP system [7] to remove the unwanted F = 1, m F = +1 state atoms. Six-pole (hexapole) magnets have a magnetic field that increases quadratically with radial distance to about 10 kG at the pole tips and exerts a force proportional to the atom's distance from the axis, causing a sinusoidal trajectory through the magnet. Here the atoms labelled 'slow' and 'fast' emerge from the first magnet and pass across a drift space and enter a second magnet having twice the length of the first. The atoms emerge from the second magnet and enter the maser bulb aperture. Three beam stops prevent undeflected atoms from reaching the bulb.
Along the AFP region there is a variable-pitch dc solenoid surrounding the beam that produces a magnetic field that increases in strength along the beam. A transverse RF coil used to apply a 5 MHz RF field is located across this region. The dc field level is adjusted so that the F = 1, m F = +1 to −1 Zeeman transition frequency (f Zeeman ) varies along the beam path from less than 5 MHz to greater than 5 MHz. In the atomic reference frame rotating at 5 MHz, this produces a net effective magnetic frame that reverses its direction along the beam path. Atoms in the m F = +1 state make a transition to the m F = −1 state, while the m F = 0 state atoms are not affected. The m F = −1 state atoms are then magnetically defocused and the m F = 0 atoms are sent to the bulb as shown in figure 4 . Over the drift time the process occurs relatively slowly with respect to 1/f Zeeman , hence the term 'adiabatic'. The AFP region is magnetically shielded. In these masers sorption cartridges are used in place of ion pumps to reduce the presence of stray magnetic fields.
Masers operating at cryogenic temperatures
An important possibility for vastly improving the frequency stability of H-masers results from discoveries that operating H-masers at cryogenic temperatures could vastly improve their frequency stability [8, 9] . Low temperature operation offers a number of improvements to the frequency stability.
(a) Much lower thermal noise from the white noise present in the resonator as shown in equation (1) . And if a low noise, low temperature, pre-amplifier is included in the connection to the receiver system, there will be a substantial reduction in additive white phase noise. An analysis [10] showed that a cryogenic hydrogen maser (CHM) could attain a frequency stability 10 2 -10 3 times better than that of a room temperature maser. The possibility of using superfluid films of helium to provide wall coatings that have very little effect on the hyperfine state of atomic hydrogen was demonstrated in 1980 [11] . CHM oscillators were developed in 1986 by three groups of researchers: at the Massachusetts Institute of Technology (MIT), at the University of British Columbia (UBC) and at the Harvard Smithsonian Center for Astrophysics (CfA) [12] [13] [14] .
The structure of the CfA maser is shown in figure 5 . It was operated in a dilution refrigerator (dil-frig) at the Harvard University Lyman Physics Laboratory. The 'refrigerator cold head (∼0.5 K)' connects a thick walled copper vacuum tank that houses the maser cavity to the dil-frig. The cavity resonator is a dielectrically loaded TE 011 resonator 17 cm long and of 10 cm diameter made from a single crystal of sapphire and coated with fused silver so that its size is reduced. Operation at low temperatures reduces the dielectric loss, and a Q c,l of 27 000 (with β = 0.33) is obtained. A transverse RF coil on the exterior of the cavity allows m F = ±1 transitions to be made. The storage volume is defined by two Teflon septa, the lower one including the storage volume collimator. The entire structure is surrounded by a thermal shield at 4 K that is surrounded by a second shield at 77 K.
An external microwave discharge operating at room temperature is used to dissociate molecular hydrogen that is led via a Teflon lined tube through the cryostat vacuum envelope. On its way into the maser the hydrogen is cooled to 77 K and then to 10 K, where it emerges from a 3 mm diameter aperture into the hexapole magnet in the inner vacuum system shown in figure 5 . Since the beam is at 10 K, the hexapole magnet is only 1.3 cm in length. As in other masers, a stopping disc blocks undeflected atoms. Both hydrogen and superfluid 4 He are scavenged by activated charcoal in the 'sorption pump'. The pump consists of two circular copper plates spaced 4 cm apart, secured by six tubes of low thermal conductivity Vespel 6 and sealed from the outer vacuum system by a band of 0.04 mm Kapton 7 film about its perimeter. The top plate of the trap is at 0.5 K. There is a 'uniform field solenoid' and a 'transverse coil' about the neck. Four layers of magnetic shields made of Cryoperm 8 surround the copper vacuum tank, and as in other masers there is a three-section 'uniform field solenoid'.
Helium is admitted to the maser at a rate of about 0.2 sccm and, being in a superfluid state, coats the entire interior space of the 0.5 K region. Under steady state operation a signal of 10 −14 W is received from the cryostat. With a storage time of 7.5 s the expected Q line can be as high as 2 × 10 10 in contrast to the room temperature maser Q line of 2 × 10 9 . The H-He wall collision interactions [15] of atomic hydrogen and the H-H bulk gas interactions are shown as a 6 Vespel is a trademark of E.I. duPont de Nemours and Co. Inc. 7 Kapton is a trademark of E.I. duPont de Nemours and Co. Inc. 8 Cryoperm is a trademark of Vacuumschmeltz Inc., Hanau, Germany. function of temperature in figure 6 . These have a minimum frequency shift at about 0.5 K with a mean free path of H in the helium vapour of about 5 cm. It is clear that operation at 0.5 K offers the best temperature control. Figure 7 shows the performance expected from the cryomaser using currently available low noise preamplifier technology to limit the added white phase noise.
Current applications of H-masers
Radio astronomy
Use of H-masers in widely separated pairs of radio telescopes began in the early 1960s and made possible a new form of radioastronomy called very long baseline interferometry (VLBI). Synchronized data at the same received frequency are recorded from two telescopes aimed in the same direction. Time correlations of these data produce interferometric patterns that identify the one-dimensional structure of the 'radio-star'.
Tests of general relativity, Lorentz symmetry and charge, parity and time reversal symmetry [16], etc
In 1976 a rocket-borne H-maser was launched in a 10 000 km near-vertical trajectory and tested Einstein's general theory of relativity at the 70 × 10 −6 level of precision [17] . The space maser controlled a microwave downlink signal received by an Earth station where its frequency was compared with two H-masers. First-order Doppler, ionospheric and tropospheric frequency shifts in the signal path were removed by subtracting one-half of the frequency shift measured in an up-down microwave link from the station to space and back. After correcting the signal for predictions of relativity the resulting frequency stability was comparable with that of two masers at the Earth station.
A test of the principle of equivalence [18] was done at Stanford University by monitoring the relative frequency of a cryogenically operated superconducting microwave oscillator and a H-maser during variations in gravitational potential from the rotation of the Earth-Moon system. A null result at the 1% level was obtained over several months of operation.
Tests of charge parity and time reversal and Lorentz symmetry violations are in progress at SAO using H-masers. These involve searching for possible effects that depend on the orientation of an atom's quantization axis relative to some unknown inertial frame [19, 20] . These tests involve precisely measuring the hyperfine structure of the maser as its magnetic axis changes direction in the inertial frame owing to Earth's rotation.
High precision time-keeping
The frequency stability of H-masers is used in many systems using passive high resolution frequency discriminators such as caesium fountains. New developments of passive high resolution frequency discriminators such as the laser-cooled caesium fountain [21] and the linear ion trap [22] depend on having an active high stability local oscillator such as the CHM. 
Tracking of spacecraft and operation of the US Global Positioning System and the Russian GLONASS system
H-masers are used at the deep space tracking network (DSN) operated for NASA by the Jet Propulsion Laboratory. The DSN stations are located in California, Spain and Australia. H-masers are also used in the US Global Positioning System ground stations and the Russian GLONASS system.
An observation on the technology for using atoms in frequency standards
It is interesting to reflect upon the relationship between the high stability oscillator and the high resolution frequency discriminator. The technology involved in coaxing a high stability signal with a minimum level of thermal noise from a group of atoms involves processes that inevitably disturb the structure of the atom and alter its output frequency. Obtaining a high stability signal depends both on minimizing the extent of these interactions and in maintaining these interactions as constant as possible. Because of these frequency altering interactions, high stability oscillators are not suitable as primary frequency standards.
The frequency discriminator operates by enabling observation of atomic transition processes in isolated atoms operating for periods as long as possible to invoke the Heisenberg uncertainty principle, ν τ ∼ 1. The atomic fountain achieves this isolation in terrestrial laboratories and one can expect that operation in near zero g in space could extend the precision of frequency resolution almost indefinitely. However, we must remember that as precision increases, previously less important interactions become significant, such as second-order Doppler shifts and gravitational, equivalence principle and centripetal acceleration effects from an orbiting laboratory. These, along with much more subtle quantum mechanical effects will become important. Also, getting useful data to Earth stations is not a trivial problem.
Thus far the atomic H-maser oscillator, with a stability well into the 10 −15 domain, offers the best precision for measuring frequency and time intervals. It is clear that H-masers provide a capability for advancing the present limits on tests of fundamental physics. Further work on cryogenic masers should advance this limit into the 10 −17 range. As the old saying goes, 'Time will tell'.
